Bayesian change-point analysis is applied to detect a change-point in the occurrences of tropical night (TN) days in the 50-year time series data for five major cities in Republic of Korea. A TN day is simply defined as a day when the daily minimum temperature is greater than 25 ∘ C. A Bayesian analysis is performed for detecting a change-point at an unknown time point in the TN day frequency time series, which is modeled by an independent Poisson random variable. The results showed that a single change occurred around 1993 for three cities (Seoul, Incheon, and Daegu). However, when we excluded the extraordinary year, 1994, a single change occurred around 1993 only in Seoul and Daegu. The average number of TN days in Seoul and Daegu increased significantly, by more than 150%, after the change-point year. The abrupt increase in TN day frequency in two cities over Republic of Korea around 1993 may be related to the significant decadal change in the East Asian summer monsoon around the mid 1990s and to rapid urbanization.
Introduction
Extreme weather and climate events have wide-ranging impacts on human society as well as on biophysical systems [1] [2] [3] . Owing to their potential of causing damage to life and property, extreme weather events, such as a heat wave, tropical night (TN), and extreme rainfall events, have drawn increased attention in recent decades [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In particular, as the population increases and infrastructure develops in urban areas vulnerable to weather extremes, sudden temporal changes (abrupt regime shifts) in climate time series have become increasingly important issues [14] [15] [16] [17] . In addition, increases in global mean air temperature have been widely observed owing to the combined effects of enhanced atmospheric greenhouse gases, such as CO 2 , CH 4 , and O 3 , and the urban heat island effect [18] . In particular, given that possible increases in the frequency and intensity of extremely hot weather events arising from global warming may have a greater impact on human health and mortality than any other form of severe weather, public concern regarding such events has greatly increased [3, 19] .
Tank and Können [20] showed that, during an episode of pronounced warming in Europe, the annual number of warm extremes increased twice faster than expected from the corresponding decrease in the number of cold extremes for the 1976-99 subperiod. Kuglitsch et al. [12] also showed that the mean heat wave intensity, heat wave length, and heat wave number across the eastern Mediterranean region have significantly increased since the 1960s. It is well known that a significant increase in the annual occurrence of warm nights or TN days arises because of a greater increase in daily minimum temperature than that in the maximum temperature, which is caused by the urban heat island effect [21] [22] [23] [24] .
Several studies based on ground observation data have examined the linear trend and/or sudden change (regime shift) in extreme weather events over Republic of Korea [25] [26] [27] [28] [29] . They showed that significant increases and/or sudden changes in extreme temperature and precipitation have occurred during recent decades over Republic of Korea. In particular, the temperature, including daily maximum/minimum temperature over Republic of Korea, 2 Advances in Meteorology significantly increased in recent years due to the combined effects of global warming and rapid urbanization [30] [31] [32] . As a result, the frequency and intensity of extreme warm (cold) temperature events, such as warm days, heat spell, TN days, and frost days, are clearly increased (decreased). Choi and Kwon [31] showed that the occurrences of TN days are more pronounced in the evening (21 LST) and during the Changma break period (late July-early August) and that TN days in the evening frequently occur in urbanized inland cities at low latitudes due to urban heat islands. In addition, they showed that occurrences of TN days in urban areas have increased since the 1990s due to the temporal changes of the late Changma period and intensified urbanization. Ha and Yun [24] showed that the strong upward trend of TN days in Seoul is significantly modulated by both water vapor and air temperature, especially in July and August. Although numerous studies have been performed on the trends in extreme temperature and their impacts on mortality over Republic of Korea, relatively fewer studies have been performed to investigate the existence of a change-point in extreme temperature, especially in TN days using long-term data [32, 33] .
The goal of this study is to investigate the existence of a change-point in the time series of TN days using Bayesian change-point analysis during a 50-year period over Republic of Korea. When we take into consideration the fact that TN days have an impact on human health and/or condition, it is meaningful to investigate the change-point in time series of TN days. Bayesian analysis is selected because it is known to be an efficient way to provide a coherent and rational framework for distilling uncertainties by incorporating diverse information sources such as subjective beliefs, historical observations, and numerical model simulations [15, 17, 29, 34, 35] .
The outline of this paper is as follows. The data used in this study and the method to obtain the TN days are presented in Section 2. Bayesian model selection and estimation for the selected model are presented in Section 3. Detailed results and discussions of the change-point of TN days over Republic of Korea are shown in Section 4. A brief summary of the results and conclusions are given in Section 5.
Data
The lack of high-quality, long-term climate data with the time resolution appropriate for analyzing extreme temperature is one of the biggest problems in performing analyses of extreme climate events. The number of observing stations operated by the Korea Meteorological Administration has steadily increased since the early 1970s. As a result, the current number of observing stations is 80. The observing stations used in this study were selected to obtain the longest recording period with strict criteria. Stations with missing data for more than three days per year, especially during the warm months (June, July, August, and September), or that have been observing for less than 50 years were excluded. However, we did not take into consideration the movement of the observing station and changes of the observing environment Figure 1 and Table 1 ). Three cities (Seoul, Daegu, and Gwangju) are located in land, whereas the other two cities (Busan and Incheon) are located in coastal areas. The topography of all five cities is less than 50 m. The population of the selected cities is very similar except for Seoul, which has more than 10 million inhabitants. Since extreme hot temperatures occurred during summer in Republic of Korea, only hot summer-season (June-September) observations are used for this study.
Although there is no uniform definition to quantify a TN day, TN days generally are defined as the occurrence of days of extreme high temperatures, typically based on a threshold value (e.g., 20
∘ C or 25 ∘ C) of daily minimum temperature. In this study, a TN day is defined as a day with a daily minimum temperature greater than 25 ∘ C as in Ha and Yun [24] . linear trend indicates that the number of TN days in Seoul and Daegu will increase by 13.5 days/100 y and 10.7 days/100 y, respectively. Meanwhile, the number of TN days in Gwangju and Incheon will increase by only 2.0 days/100 y and 3.7 days/100 y, respectively. It shows that the number and trends of TN days are clearly impacted by the urban heat island effect and the geographic location of the cities [23, 24] . The extraordinarily large number of TN days in 1994, irrespective of geographic location, was related to the record-breaking hot summer in Republic of Korea [36] . We can also see an abrupt increase in the number of TN days after 1993, particularly in Seoul and Daegu. This may be related to the abrupt decadal change in the East Asia summer monsoon in mid to late 1990 [37] [38] [39] . Ha and Yun [24] also showed that the number of TN days in Seoul was nearly three times higher during the period 1994-2008, compared with the annual numbers during 1979-1993. This abnormal event may result in a positive shift in the rate of occurrence of TN days, which implies that the detection of a change-point in the sequence of data may be affected by this event. Therefore, this effect will be considered in more detail in Section 4.
Bayesian Analysis
In this section, a Bayesian analysis is presented for the detection of a change-point at an unknown time point in the TN days, which is modeled by an independent Poisson random variable. Some applications of the related topics are studied by Chu and Zhao [15] and Zhao and Chu [40, 41] .
Let y = ( 1 , 2 , . . . , ) be the sample of the TN occurrences over 50 years. Given the observations, we assume that a single change-point model could have occurred at any time point , and consider two types of model, a no-change model and a single change model, to examine whether there is a change in the frequency of TN days. The models used are as follows:
4 Advances in Meteorology model 0 :
where 0 ( ) denotes the Poisson distribution with parameter and is an unknown parameter that is called the changepoint of model 1 . Studies on change-point problems are generally divided into two parts. The first part tests the existence of changes using the Bayes factor or posterior probability, and the second part estimates the parameters of the selected change-point model.
Bayesian model selection or hypothesis testing requires specification of prior distributions for the parameters of the above model in (3) . In this paper, informative priors are assumed for the parameters of each model. For models 0 and 1 , prior distributions for 0 and ( , ) are gamma distributions, as expressed in the following forms, respectively:
where the gamma function is defined as Γ( ) = ∫ ∞ 0 −1 − . In addition, the random variable is assumed to be a discrete uniform distribution.
The posterior probability for each model is useful for selecting one model from more than two models. Given prior distributions, the posterior probability of models 0 and 1 is obtained by Bayes theorem:
where ( ) is the prior probability of each model, that is, ( 0 ) = ( 1 ) = 0.5, since there is no prior information regarding which one of the models is preferable.
To obtain the posterior probability in (6), we need to specify a marginal distribution of y for each model. From (3) and (5), the marginal distribution of y for each model is obtained by, respectively, where ( ) is discrete uniform distribution on the set {1, 2, . . . , − 1}. Using (6) and (8), we can select the most plausible model that has the largest posterior probability. For each model, the posterior probabilities in (6) and (8) are presented in Table 2 . For the selected change-point model 1 , we consider the Bayes estimation of the parameters. First, for fixed , the conditional joint posterior distribution is
where 1 = + ∑ =1 and 2 = + ∑ = +1 .
The probability distribution function of the data that are only conditional on the change-point , ( | ), is proportional to
By integrating the appropriate parameters in (9), the conditional posterior distributions ( | , ) and ( | , ), denoting before and after the change-point, are obtained by the following forms, respectively:
where ( , ) denotes the gamma distribution with parameters and .
Since is unknown, the marginal posterior distributions ( | ) are derived using the Bayes theorem in (10) . The marginal density of the change-point = 1, 2, . . . , − 1 is calculated by
This discrete distribution gives, for each time point, the posterior probability of a shift in the intensity rate, assuming a change occurred with uncertainty. Finally, the marginal posterior distributions ( | ) and ( | ) are obtained 
Note that the marginal distributions of and appear as finite mixtures of gamma distributions weighted by the − 1 values of the marginal posterior density of the change-point .
Results and Discussions
To choose one model from the two models, 0 and 1 , we computed the posterior probability in (6) for the TN days. The results were obtained by using MATHEMATICA [42] because of practical limitation of using gamma functions.
To obtain the posterior probability in (6), the exact value of gamma function must be calculated. That is, if any real value of the gamma function in (10), 1 (or 2 ), is greater than a prespecified value, then the gamma function in most of programs returns a value of infinity and has a value out of range. Therefore, it is hard to calculate the quantity of the posterior probability. However, MATHEMATICA [42] can compute an exact value of gamma function for any real value and it provides the exact posterior probability. In our simulation, to consider the noninformative prior, we assumed that only small amount of prior information is available and assign small values to = = = = = = 0.5. First, we conducted the sequence version of MannKendall test [43] to detect the existence of any step changepoints in our data. The sequential version of Mann-Kendall test enables detection of the approximation time of occurrence of trend by locating the intersection of the forward statistic and backward statistic. The forward sequential statistic is estimated using the original time series data, from the first to last data point. The value of backward sequential statistic is estimated using the reversed time series data, starting from the end of the time series. The result of sequential Mann-Kendall test is presented in Figure 3 .
In case of Seoul, an apparently positive trend from 1973 to 2007 is observed where the change points have been also detected in 1994 and 1996 and the change point of Daegu has been detected almost at the 1990s in consideration but it does not indicate any recognizable trend. The sequential MannKendall plot for Gwangju displays two points of intersection at 1976 and 1997, respectively, though they are not significant at chosen level of significance. The forward and backward plots for Incheon and Busan intersect each other for several times and there is not a meaningful trend or a sudden change in the time series.
The posterior probabilities for each model under the assumption of equal prior model probability are presented in Table 2 . For Seoul, Incheon, and Daegu, the posterior probability of model 1 is greater than that of 0 ; therefore, these select the change-point model 1 . However, Kwangju and Busan select a no-change model. This shows that the significant change for the three cities tends to be strong; however, the change tends to be weak for Kwangju and Busan. Figure 4 shows the posterior probabilities of the changepoint in the TN days of the three cities over Republic of Korea plotted as a function of year. In general, the possibility of change in the given time series is directly proportional to the magnitude of the posterior probability of change. Thus, the maximum posterior probability in the year 1993 indicates that a change in the TN days of three cities occurred in or around 1993.
Under model 1 , the exact Bayes estimation of the unknown change-point and parameters and (means before and after the change-point) is derived. Table 3 shows the estimated posterior means of and . For three cities, it is found that there are considerably more TN days after the change-point than those before the change-point. This suggests that TN days' occurrence has become more frequent since 1993.
The marginal posterior density functions of and for the period before and after change-point year 1993 are presented in Figure 5 . The solid line is a marginal posterior density function of TN days before the change ( | ), and the dotted line is that of TN days after the change ( | ). Since the overlap in the tail areas between these two posterior distributions is weak, the distribution of the marginal posterior density function of the change-point also confirms that change in the TN days occurred around 1993.
As mentioned above, it is seen that the extraordinarily large number of TN days occurred in 1994. The sample average for the counts of TN days after 1993 may be higher and the linear trend may reveal an increasing pattern since it is affected by the event. Therefore, this may give a misleading result in a change-point problem. To examine the effect, first, the event is removed and then the change-point detection method is applied as before. The result of the Bayesian analysis on the change-point of annual counts of TN days over three cities is listed in Tables 4 and 5 and Figure 6 .
In Table 4 , a single change model 1 is selected for Seoul and Daegu because it is associated with the largest probability. This is consistent with previous results and does not depend on the outlier event. However, in the case of Incheon a nochange model is preferred after removing the event. This is different to the previous result, which is influenced by the outlier event.
In Figure 6 , the maximum posterior probability of the change-point occurred in 1993, which implies a rate increase after the year 1993. This result coincides with the previous result.
For Seoul and Daegu in Table 5 , it is seen that the number of TN days after the change-point is considerably larger than that before the change-point. The higher average of the Poisson mean rate after the change confirms the direction of change, that is, an increased activity of TN days. However, there is little difference in the number of TN days before and after the change-point for Incheon.
In Figure 6 , the marginal posterior densities for the mean rates of Poisson rates of the TN occurrences before and after the change-point show a slight overlap, implying a significant rate increase after the change even though the year with the highest count of TN days was removed.
For Seoul and Daegu, the result of the Bayesian changepoint analysis suggests that a single change occurred around 1993 and it is not influenced by this outlier event among the TN days' counts. However, Incheon shows conflicting results since these depend on this event to detect the change-point. Based on the results, there is inadequate evidence in favor of increased activity of TN days in Incheon.
In the comparison of averaged TN days after regime shift year, the averaged TN days in Seoul and Daegu increase significantly, by more than 150%, after the change-point year (1993), even when the extraordinary year, 1994, is excluded. Ha and Yun [24] also showed that the annual number of TN days in Seoul was nearly three times larger during the period 1994-2008 compared with during the period 1979-1993. However, the annual number of TN days in Gwangju and Busan only increased by less than 130% when the TN days in 1994 are excluded. It confirms that a change-point in the frequency of TN days only occurs for two cities, Seoul and Daegu.
Conclusions
It is well known that the frequency and intensity of temperature extremes are influenced by the combined effects of global warming and localized forcing, such as urbanization. The increase in daily minimum temperature is more significant than that of the maximum temperature. Therefore, the frequency and intensity of tropical night (TN) days or warm night days have significantly increased due to enhanced warming and rapid urbanization in Republic of Korea. In this study, the existence of a change-point in the time series of TN days in the five major cities (Seoul, Busan, Daegu, Incheon, and Gwangju) over Republic of Korea was investigated using Bayesian change-point analysis during a 50-year period . A Bayesian analysis was performed for the detection of a change-point at an unknown time point in Posterior density function P(m|y) P(m|y) Figure 6 : Posterior probability for the change-point, ( | ), and the marginal posterior density functions for and before and after the change-point after omitting the year 1994.
the TN days, which is modeled by an independent Poisson random variable. The distribution of the marginal posterior density function of the change-point confirms that change in the TN day frequency occurred around 1993 in three cities, Seoul, Daegu, and Incheon. However, when we excluded the extraordinary year, 1994, the Bayesian change-point analysis suggests that a single change occurred around 1993 only in Seoul and Daegu, but it prefers a no-change model in Incheon. The averaged TN days before and after the change-point year (1993) also showed that a change in the TN days occurred around 1993 in only two cities, Seoul and Daegu. The averaged TN days in Seoul and Daegu significantly increased, by more than 150%, after the change-point year (1993), even when the extraordinary year, 1994, is omitted. The abrupt increase of TN days around 1993/1994 in the two cities over Republic of Korea might be related to the significant decadal change in the East Asian summer monsoon that occurred around the mid 1990s and rapid urbanization in the selected cities [24, 37, 39] . This result suggests that the change in TN day frequency is modulated not only by large scale forcing (e.g., global warming, circulation change) but also by the local environment of the city (e.g., geographic location, city size).
In this study, we only investigated the existence of changepoint in the time series of TN days. Therefore, more work is needed to investigate the thermodynamical mechanisms of abrupt changes in TN day frequency, including urbanization and large scale circulation changes.
